The QuikChange Site-Directed Mutagenesis Kit (Agilent, Santa Clara, CA) was employed with specific primers to mutate codons. To construct the mFZD 4 /C-tailmFZD 1 , mFZD 4 /C-tailmFZD 3 , and the mFZD 4 /C-tailmFZD 7 chimeras in which the C-tail after the KTXXXW of mFZD 4 was substituted with the corresponding region from mFZD 1 , mFZD 3 , or mFZD 7 , respectively, the overlap extension polymerase chase reaction (PCR) method was employed using the Phusion Hot Start II DNA polymerase (Thermo Scientific, Waltham, MA). The C-terminal green fluorescent protein (GFP)-tagged DVL2 construct was generated by inserting the Human DVL2 gene into the pEGFPN vector (Clontech, Mountain View, CA). The constructs were verified by DNA sequencing.
Cell culture
Human embryonic kidney (HEK293) and HeLa cells (obtained from ATCC, Manassas, VA) were cultured in Dulbecco's modified Eagle's medium (Cellgro, Manassas, VA) supplemented with fetal bovine serum (10%, Hyclone, South Logan, UT), penicillin (100μg/ml) and streptomycin (100μg/ml, Corning, Manassas, VA) in a humidified atmosphere with a 5% CO 2 level at 37°C.
Lef/Tcf-dependent transcriptional activation via luciferase reporter assays
HEK293 cells were cultured in gelatin-coated 96 well plates (Greiner Bio-One, Frickenhausen, Germany) and then transfected at ~7 5% confluency using Lipofectamine 2000 (Life Technologies, Carlsbad, CA). Briefly, typical transfection conditions were as follows: functional assays included 0.5 ng of receptor, 1 ng of hLRP5 co-receptor, 10 ng of Super8xTOPFlash (M50) and pcDNA3.1 empty vector to a total of 50 ng plasmid DNA per well. Cells were stimulated with recombinant Norrin (200 ng/mL, R&D Systems, Minneapolis, MN), LiCl (50 mM) or left unstimulated for ~1 8 h 24 h after transfection. Lysis of cells was performed with the cell culture lysis buffer (Cat# E153A, Promega, Madison, WI). Cell lysates (20 μl) were added to 100 μl of luciferase assay buffer (20 mM Tricine pH 7.8, 1.1 mM MgCO 3 , 4 mM MgSO 4 , 0.1 mM EDTA, 0.27 mM coenzyme A, 0.67 mM luciferin, 33 mM DTT and 0.6 mM ATP). The luminescence intensity was measured with a Lumat LB 9507 luminometer (Berthold Technologies, Oak Ridges, TN). Conditions were performed minimally in triplicate, unless otherwise stated in the figure legend. Bar graphs display the % wild-type (WT) activation for Norrin-treated cells. The error bars display the standard error of the mean (S.E.M.). To determine the % WT activation the RLU values for each Norrin-stimulated condition were first divided by the mean LiCl stimulation RLU values for the same condition determining the % maximal stimulation value for each Norrin-stimulated sample. The mean % maximal stimulation value for the WT Norrin-stimulated samples was set as 100% WT activation.
Confocal microscopy
HeLa cells were cultured in 4 compartment CELL-VIEW TM glass-bottom dishes (Greiner Bio-One, Frickenhausen, Germany) and transfected at ~7 5% confluency 
Data analysis
To test for statistical significance between data, unpaired t-tests or one-way analysis of variance (ANOVA) followed by the Dunnett's post test were conducted as described in the figure legends. p values < 0.05 established statistical significance.
Results
We analyzed the effects that truncation and substitution of the mouse Frizzled-4 C-tail (Figure 1 ) have on the ability of Norrin to induce Lef/Tcf-dependent transcriptional activation (Figure 2A) . Mutant mFZD 4 (1-503) truncates the C-tail immediately beyond T503. Truncation at this position (mFZD 4 (1-503)) nearly abolished the ability of Norrin to activate Lef/ Tcf-dependent transcription (Figure 2A) . Restoring the wild-type sequence of the C-tail beyond T503 to N513 (mFZD 4 (1-513)) gradually ameliorated the loss of the Lef/Tcf-dependent transcriptional activation in response to Norrin to that of the WT response. We gauged the expression of mFZD 4 and the truncations using amount of the surface expression ( Figure 2B) . All of the FZD 4 constructs were expressed. Truncating the FZD 4 carboxy-terminus at W504 to S508 resulted in some loss of cell surface expression. Although a positive correlation was observed between C-tail length and surface expression, the loss in activation was far greater than the apparent loss of some surface expression, suggesting that the simple reduction in cell surface mFZD 4 could not account for the more profound loss of its function.
We probed the possibility that the changes in downstream signaling of the truncated mFZD 4 might be accessible at the level of DVL ( Figure 2C) . We interrogated the ability of the mFZD 4 and its variants to stabilize DVL at the cell surface. To enable these studies we made use of GFP-tagged DVL2, which is often times the most abundant DVL [17] . The ability of Frizzleds to stabilize DVL at the cell surface is essential to beta-catenin-dependent activation of the downstream pathway leading to Lef/ Tcf-dependent transcriptional activation [11, 18] . stabilization by FZD can be readily detected by confocal imaging of non-permeabilized cells expressing GFP-tagged DVL2 and V5-tagged mFZD 4 ( Figure 2C ). We were unable to detect significant DVL2 recruitment and stabilization by mFZD 4 C-tail mutants mFZD 4 (1-503), mFZD 4 (1-504), or mFZD 4 (1-505). These Frizzled mutants were unable to promote readily detectable DVL2 stabilization at the cell surface. mFZD 4 truncated at C507 (mFZD 4 (1-506)) exhibited subtle punctate accumulation of DVL2 at the cell surface, but to a markedly lesser degree than the WT mFZD 4 . Extending the C-tail of mFZD 4 at least three residues beyond the KTXXXW motif, e.g., mFZD 4 (1-507) or mFZD 4 (1-513), largely reversed this loss-offunction (Figure 2A ) and substantial DVL recruitment was observed (Figure 2C) .
To determine if the specific side chain properties of either K506 or C507 are required for receptor activation a double mutant was generated in which K506 and C507 were concurrently substituted with alanine residues (Figure 1) . This mFZD 4 KC506-507AA mutant exhibited normal Norrin-induced Lef/Tcf-dependent transcriptional activation (similar to WT, see Figure 3 ). The mFZD 4 KC506-507AA double mutant also stabilized DVL2 at the cell surface (data not shown). The constructs were generated using a template containing a V5 tag inserted in the amino-terminus of the protein following the signal peptide. The residues of the highly conserved KTXXXW domain are colored red. The alanine residues substituted for the lysine and cysteine residues in the mFZD 4 KC506-507AA receptor are colored blue. The mFZD 4 /C-tailmFZD 1 , mFZD 4 /C-tailmFZD 3 , and mFZD 4 /C-tailmFZD 7 constructs differ from the mFZD 4 WT construct. In these chimera, the region of the C-tail distal to the KTXXXW domain of mFZD 4 has been substituted by the corresponding region of mFZD 1 (mFZD 1 residues R626 to V642), mFZD 3 (mFZD 3 residues A508 to A666 of mFZD 3 ) or mFZD 7 (mFZD 7 residues R556 to V572), respectively. Note that for simplicity the mFZD 4 /mFZD 3 C-tail is not shown in its entirety. Despite reports that under specific conditions FZD 3 can mediate beta-catenin-dependent signaling [11, 19] FZD 3 and FZD 6 have been reported to induce the least amount of Lef/Tcf-dependent activation amongst the 10 Frizzleds following the addition of various Wnts [13, 20] . With 159 amino acids following the KTXXXW 4 has 33 amino acids) we hypothesized the relatively long FZD 3 C-tail might have a role inhibiting or precluding FZD 3 -mediated Lef/Tcf-dependent activation. A construct was generated in which the mFZD 4 region after the KTXXXW domain was replaced with the corresponding region from mFZD 3 (Figure 1) . The mFZD 4 C-tail was also substituted with the corresponding region from mFZD 1 , and mFZD 7 , two Frizzleds which in many systems mediate more robust Tcf/Lef-dependent activation than FZD 3 [13, 20] . The Norrin-induced activation of Tcf/Lef-mediated gene transcription for all three chimeric receptor constructs was similar to that of WT mFZD 4 (Figure 3) . Interestingly, the mFZD 4 /CtailmFZD 3 chimeric receptor exhibited enhanced basal activity (Additional file 1).
Discussion
In this study we show the C-tail of FZD 4 , beyond the KTXXXW domain, affects several aspects of Frizzled-4 signaling and biology. The crystal structure of the smoothened receptor displays the region of the C-tail with a sequence highly homologous to the KTXXXW motif of the Frizzleds [6] . This domain has a short helix VIII parallel to the membrane encompassing the lysine extending to two residues beyond the tryptophan of the motif. A circular dichroism spectroscopy analysis of a peptide consisting of the FZD 4 C-tail in conjunction with molecular modeling suggests a helix VIII extending six residues beyond the KTXXXW motif of FZD 4 [10] . In a membrane-mimicking environment a FZD 1 C-tail peptide exhibited a helix encompassing the leucine of the KTXXXW motif to 9 residues after the tryptophan [21] . Interestingly, the tryptophan residue, corresponding to W504 of mFZD 4 , was shown to interact with the artificial lipid bilayer suggesting it could mimic the role of a C-tail palmitoyal group which has been demonstrated to stabilize the helix 8 of various GPCRs [22, 23] . The mFZD 4 KC506-507AA mutation in which the only cysteine in the C-tail was substituted with alanine exhibited normal Norrin-induced Lef/Tcf-dependent transcription signifying the absense or lack of a role in Lef/Tcfdependent transcription of a palmitoylation site in the C-tail of FZD 4 .
Other results obtained using peptides that map to the C-termini of Frizzleds suggest some function extending five to nine residues following the KTXXXW motif of FZD 5 and FZD 7 . Productive interaction between the FZD 5/7 with the DEP and PDZ domains of DVL appear to be influenced by this region of FZD [9, 24] . The present study indicates functionality that extends beyond the KTXXXW motif by more than three residues. The QKC residues were shown to ameliorate receptor trafficking and Lef/Tcf-dependent transcription as a series of receptor constructs were generated including more of these residues. Although, WT-like signal transduction and trafficking observed with mFZD 4 (1-513) was not detected with mFZD 4 (1-507) signifying residues distal to QKC may also have a role in enabling the formation of a helical structure critical for the life-cycle of the receptor.
Shortening the C-tail beyond C507 severely impaired normal DVL recruitment (as observed by FZD-DVL colocalization) and the ability of Norrin to activate Lef/ Tcf-dependent transcription. The intracellular loops (iloops) of Frizzleds also interact with DVL [18, 24] . It is possible that the Frizzled C-tail provides additional but essential interactions with DVL required for the receptor to participate in normal DVL recruitment and stabilization.
Multiple Frizzleds have been shown to mediate Wntinduced activation of Lef/Tcf-dependent transcription to differing extents [20] . FZD 3 and FZD 6 , for example, appear to activate Lef/Tcf-dependent transcription less robustly than FZD 1 or FZD 7 [13, 25] . The C-tails of FZD 3 and of FZD 6 are considerably longer than those of other Frizzleds. Substituting the corresponding C-tail of FZD 4 distal to the KTXXXW sequence with that from FZD 1 , FZD 3 , or FZD 7 did not impact the ability of these mutant versions of FZD 4 to mediate Norrin-induced Lef/Tcf-dependent transcriptional activation. The FZD 1 , FZD 3 , and FZD 7 C-tails may provide a structural role like that of FZD 4 's own native C-tail, i.e., any secondary structure distal to transmembrane domain 7, such as helix VIII of FZD 4 , may form in the corresponding region of these other Frizzleds. The reduced ability of specific receptors to activate Lef/Tcfdependent transcription may be due to factors outside of the ability of the C-tail to interact with DVL such as the potential of the receptor to synergize with LRP5/6 following the binding of a WNT ligand or other differences resulting from variations in the core of the receptors. In summary, three residues distal to the KTXXXW motif of FZD 4 are essential to normal FZD 4 -DVL interactions that are required for Lef/Tcf-dependent transcriptional activation by Norrin. Alpha-helicity in this region of the Frizzleds seems obligate for efficient protein-protein interaction with DVL and other downstream signaling elements.
Conclusion
This study demonstrates that substantial function of the FZD 4 C-terminal tail minimally requires the three residues distal to the conserved KTXXXW domain. These additional residues QKC participate in cellsurface expression of Frizzled-4 and for signal propagation via Frizzled-DVL interactions that enable Norrin-dependent activation of Lef/Tcf-dependent transcription.
